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Edited by Francesc PosasAbstract Afr1p functions to promote adaptation to pheromone-
induced growth arrest and morphogenesis. We show here that
Afr1p regulates polarized localization of the Mpk1p MAP ki-
nase in shmooing cells. Deletion of AFR1 results in mislocaliza-
tion of Mpk1p although the scaﬀold protein Spa2p localizes
normally at shmoo tip, and overexpression of Spa2 cannot rescue
this defect, indicating Afr1p in required for Spa2p to recruit
Mpk1 to the site of polarized growth during mating. Overexpres-
sion of SPA2 partially suppresses the morphogenetic defect of
afr1D cells upon a-factor induction, suggesting the two proteins
function in the same genetic pathway with Spa2p acts down-
stream of Afr1p.
 2007 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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cerevisiae1. Introduction
In the budding yeast Saccharomyces cerevisiae, ﬁve MAPK
cascades control cell proliferation, diﬀerentiation and morpho-
genesis in response to a wide variety of signals [1,2]. When hap-
loid yeast cells are exposed to mating pheromone secreted from
cells of opposite mating type, the MAP kinase cascade com-
prised the MEK kinase Ste11p, the MEK Ste7p, and the
MAP kinases Fus3p and Kss1p is activated, leading to cell cy-
cle arrest in G1 phase, polarized growth towards the mating
partner, and increased expression of proteins required for cell
adhesion, cell fusion and nuclear fusion [3].
The cell integrity MAP kinase pathway, which is comprised
Bck1p (MEKK), Mkk1p and Mkk2p (MEKs), and Mpk1p
(MAPK) mediates cell wall synthesis and responds to several
environmental stimuli such as heat shock [4], hypoosmotic
stress [5], mating pheromone [6], agents causing cell wall stress
[7] and actin depolymerization [8]. When cells response to
pheromone, the process of polarized growth requires activa-
tion of the cell integrity pathway and Mpk1p activation during
pheromone induction requires the transcriptional output of the
mating-pheromone response pathway [6,9].*Corresponding author. Fax: +86 0 22 87402179.
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doi:10.1016/j.febslet.2007.05.011Spa2p, Bni1p and Pea2p are proposed to act together as a
complex termed polarisome to establish cell polarity [10–16].
Spa2p, Bni1p and Pea2p localize at the shmoo tip in response
to pheromone [11,13,17–19] and are proposed to mediate cros-
stalks between the mating-pheromone response pathway and
the cell integrity pathway [16]. Spa2p interacts with Ste11p
and Ste7p of the mating-pheromone response pathway as well
as with the MEKs Mkk1p, Mkk2p [16] and the MAPKMpk1p
[20] of the cell wall integrity pathway in two-hybrid assays.
Bni1p is proposed to be a substrate of Fus3p to promote polar-
ization and cell fusion [21], and required for Ste5p cortical
recruitment in response to pheromone [22]. Spa2p serves as a
scaﬀold to recruit Mpk1p to the polarized growth sites [20]
and controls the timing and frequency of the projection forma-
tion during mating [23].
Afr1p was identiﬁed as a protein that promotes adaptation
to pheromone-induced growth arrest and facilitate phero-
mone-induced morphogenesis because afr1D cells cannot form
acute projections [24,25], a similar phenotype as that of spa2
mutants. In this work we show evidence demonstrating that,
in addition to Spa2p, Afr1p is also required for proper locali-
zation of Mpk1p at the shmoo tip during mating and Afr1p
acts in the same genetic pathway with Spa2p to promote polar-
ized growth in cells challenged by mating pheromone with
Spa2p acts downstream of Afr1p.2. Materials and methods
2.1. Media, growth conditions and general methods
Yeast strains were grown at 30 C in YPD medium (2% Bacto-pep-
tone, 1% yeast extract, 2% glucose) or synthetic medium lacking
appropriate nutrients to select for plasmid maintenance. Escherichia
coli TOP10 F 0 was used to propagate plasmids. E. coli cells were cul-
tured in Luria–Bertani medium (1% bacto tryptone, 0.5% bacto yeast
extract, 1% NaCl) and transformed to ampicillin resistance by stan-
dard methods. Yeast transformations were performed by the lithium
acetate method [26].
2.1.1. Strains and plasmids. The S. cerevisiae strains used in the
present study were all derivatives of W303-1A (MATa ade2-1 his3-
11,15 leu2-3,112 ura3-1 trp1-1 can1-100). The oligonucleotides used
in this study for construction of strains and plasmids are described
in Table 1. The bar1D::kanMX4 deletion cassette was obtained by
PCR ampliﬁcation of the genomic DNA of the strain BY4741 from
the EUROSCARF knockout collection (http://www.uni-frankfurt.de/
fb15/mikro/euroscarf/) containing the bar1D ::kanMX4 cassette with
primers pairs BAR1-U and BAR1-D. The deletion cassette was used
to delete the BAR1 gene in strain W303-1A by one step gene replace-
ment procedure, resulting in strain YZCW308A. The afr1D::LEU2
deletion cassette was obtained by PCR ampliﬁcation of the LEU2 gene
on the plasmid YEplac181 by using primer pair KAFR1-U and
KAFR1-D. The cassette was then used to delete the open readingation of European Biochemical Societies.
Table 1
Primers used in this work
Primer name Sequence (5 0–3 0)
BAR1-U TCATAGGCTGCACTCATTCC
BAR1-D GTTTGGTTAGTTCAGCTAGG
KAFR1-U GATAGGCCATATTAGGTGTTACCACAAACTGCTGA TAATAGGGTTATTGTCTCATGAGCG
KAFR1-D CTATTGCAAAAAATAAACTGGATTATGTTACGTTA ATAACGTTCTATATGCTGCCACTCC
CMPK1-U CCCGGGGGATCCTGAGGAGAATTTTCGAAGCC
CMPK1-D CCCGGGGCATGCAAAATATTTTCTATCTAATC
CFUS3-U CCCGGGGGATCCCAGCGACTGCACTAAACTAG
CFUS3-D CCCGGGGCATGCACTAAATATTTCGTTCCAAA
CSPA2-U1 CCCGGGAAGCTTAGACCTCATCGCCGATGTTA
CSPA2-D1 CCCGGGTCTAGAGTTGGTTAGCATCTTCACCG
CSPA2-U2 GAGGCAAGTTTGAAGGACGA
CSPA2-D2 CCCGGGGGTACCGGAGATACCATAACCACCGA
CBNI1-U1 CCCGGGGCATGCGCCAAATCCTTGCTCAACTC
CBNI1-D1 CCCGGGCTGCAGCCCGTATTGCTATTCGTTGC
CBNI1-U2 CCCGGGCTGCAGTATGGACCCTACTGCCGATA
CBNI1-D2 CCCGGGGGATCCTCTCGATCAATTGCGTAGAC
CPEA2-U CCCGGGGGTACCAGTCCCGGCATGGCTTTAAC
CPEA2-D CCCGGGGTCGACGCTGTCATCATGCGTATTAG
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procedure to create the AFR1 deletion strain YZCW306A. The correct
deletions for both strains were veriﬁed by PCR and phenotypic analy-
sis.
To create pMPK1-GFP and pFUS3-GFP plasmids, the MPK1 cod-
ing sequence with 605 bp of 5 0 non-coding sequence and the FUS3 cod-
ing sequence with 580 bp of 5 0 non-coding sequence were ampliﬁed by
PCR with primer pairs CMPK1-U and CMPK1-D and CFUS3-U and
CFUS3-D, respectively. Both fragments were digested by BamHI-SphI
and inserted into the corresponding sites of pGFP (a kindly gift from
Prof. Jiang Linghuo), resulting in inframe fusion of GFP to the last co-
don of MPK1 and FUS3. To construct pYCp-SPA2-GFP plasmid,
pSPA2::GFP (a generous gift from M. Snyder) was digested by KpnI
and the resulting 8 kb fragment containing the SPA2-GFP fusion
was inserted in to the KpnI site of YCplac22. pYEp-SPA2 was con-
structed as follows. The 5 0 sequence (nucleotides 724 bp to 213 bp)
of SPA2 and the 3 0 sequence (nucleotides 4351 bp to 5123 bp) down-
stream from the SPA2 open reading frame, respectively, were PCR
ampliﬁed by using primer pairs CSPA2-U1 and CSPA2-D1 (for 5 0 se-
quence) and CSPA2-U2 and CSPA2-D2 (for 3 0 sequence). The 5 0 frag-
ment was digested with HindIII-XbaI and the 3 0 fragment was digested
with XbaI-KpnI. Both fragments were then inserted into YCplac33.
The obtained plasmid was linearized by XbaI and was transformed
into the wild type strain W303-1A to clone SPA2 by gap repair, creat-
ing YCplac33-SPA2. The SPA2 gene was then transferred to YE-
plac195 a HindIII-KpnI digest, generating plasmid pYEp-SPA2.
pYEp-BNI1 was also constructed by gap repair. Primer pair used to
amplify the 5 0 sequence (nucleotides 481 bp to 122 bp) was
CBNI1-U1 and CBNI1-D1 and primer pair CBNI1-U2 and CBNI1-
D2 was used to amplify the 3 0 sequence of BNI1 (nucleotides
5574 bp to 6370 bp). Both fragments were inserted separately into
the corresponding sites of YCplac22 after digestion (a SphI-PstI digest
for 5 0 fragment and a PstI-BamHI digest for 3 0 fragment). For the gap
repair, the constructed plasmid was digested by EcoRI followed by
transformation and transfer BNI1 gene from the repaired plasmid to
YEplac195, creating pYEp-BNI1. For pYEp-PEA2 construction, a
genomic fragment containing the PEA2 open reading frame, 520 bp
5 0 non-coding sequence and 605 bp 3 0 non-coding sequence was PCR
ampliﬁed by using the primer pair CPEA2-U and CPEA2-D, contain-
ing a KpnI linker and a SalI linker, respectively. After digestion, the
fragment was inserted into the corresponding sites of YEplac195,
forming pYEp-PEA2.
2.2. Microscopy
Exponentially growing cells were treated with 107 M a-factor for
3 h and microscopic analysis was performed using an Olympus BX51
microscope with a 100· UplanApo objective and appropriate ﬁlter
cubes. Cells were visualized by diﬀerential interference contrast
(DIC) or ﬂuorescence microscopy. Images were captured with a SPOT
CCD (Diagnostic instruments Inc.) camera and, where appropriate,
Adobe Photoshop was used to optimize image contrast. To quantifyGFP-tagged protein localization phenotypes, the percentage of cells
with correct location was determined. This assay was performed three
times, scoring at least 200 cells for each strain.3. Results
3.1. Afr1p is required for Mpk1p localization at the shmoo tip
To investigate the role of Afr1p in regulating Mpk1p local-
ization, the wild type (YZCW308A) and the afr1D strain
(YZCW306A) carrying pMPK1-GFP plasmid were treated
with a-factor and the localization Mpk1p-GFP was examined
microscopically. Consistent with the previous report, Mpk1p-
GFP was observed at shmoo tip in 85% of AFR1 cells
(Fig. 1A). In contrast, only 2% of afr1D cells showed localized
Mpk1p-GFP signal at shmoo tip (Fig. 1A), indicating that
Afr1p is required for polarized localization of Mpk1p during
mating. At this stage of pheromone induction, about 40% of
AFR1 cells contained two pointed projections and Mpk1p-
GFP can be observed in the tips of both projections, but few
afr1D cells form two projections and the tip of the projection
a less pointed. In contrast to the polarized localization of
Mpk1p-GFP at the shmoo tip, the cytoplasm and nuclear
localization of Mpk1p-GFP were indistinguishable between
AFR1 and afr1D cells, indicating a speciﬁc requirement for
Afr1p in localizing Mpk1p at shmoo tip of pheromone-in-
duced cells.
To exclude the possibility that the lack of the polarized
localization of Mpk1p-GFP in afr1D cells was an indirect con-
sequence of the morphogenetic defect of afr1D cells, the local-
ization of Fus3p MAP kinase of the pheromone response
pathway was also examined. As shown in Fig. 1B, Fus3p-
GFP localized at the shmoo tip in both AFR1 and afr1D cells.
Quantitative analysis of the eﬀectiveness of the polarized local-
ization of Fus3p-GFP showed that 88% of the afr1D cells and
91% of the AFR1 cells, respectively, had Fus3p-GFP localized
at shmoo tip. This result indicates that the abnormal shmoo
shape of the afr1D cells does not cause a general defect in local-
izing proteins at shmoo tip. Instead, mislocalization of
Mpk1p-GFP in afr1D cells apparently mirrors a direct require-
ment of Afr1p for proper localization of Mpk1p during pher-
omone response.
Fig. 1. Localization of Mpk1-GFP and Fus3-GFP in wild type and the afr1D cells. Wild type (YZCW308A) and afr1D (YZCW306A) strains
containing either the pMPK1-GFP (A) or the pFUS3-GFP (B) plasmid were treated with 107 M a-factor for 3 h and examined by ﬂuorescence
microscopy to detect the localization of the GFP fusion protein. The numbers indicate the percentage (%) of cells with the GFP fusion protein located
at shmoo tips.
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the processes of mating and budding [6]. The defect of afr1D
cells in polarizing Mpk1p to the shmoo tip led us to speculate
that Afr1p may be required for Mpk1p activation during mat-
ing. However, we could not detect a noticeable diﬀerence be-
tween wild type and afr1D cells in pheromone-induced
Mpk1p activation by immunoblot analysis (data not shown),
using anti-p44/42 MAPK antibodies that speciﬁcally recognize
the doubly phosphorylated form of Mpk1p and allow accurate
analysis of Mpk1p activity [27,28]. This is not surprising since
it has been reported that Mpk1p activation is not dependent
on its polarized localization both in mating and budding cells
[9,16] (see Section 4).
3.2. Spa2p localizes normally in the afr1D mutant
To investigate whether afr1D cells have a defect in Spa2p
localization and, as a consequence, Mpk1-GFP delocalization,
we studied Spa2p-GFP localization in afr1D cells upon phero-
mone induction. As shown in Fig. 2, Spa2p-GFP localized at
the shmoo tip in both AFR1 (83%) and afr1D cells (81%). This
demonstrated that the mislocalization of Mpk1p-GFP in the
afr1D mutant was not a consequence of Spa2p delocalization,
which is surprising because it has been proposed that Spa2p is
not only required but also self-suﬃcient in recruiting Mpk1p toFig. 2. Localization of Spa2p-GFP in wild type and afr1D cells. Wild
type (YZCW308A) and afr1D (YZCW306A) strains containing the
pYCp-SPA2-GFP plasmid were treated with 107 M a-factor for 3 h
and examined by ﬂuorescence microscopy to detect the localization of
Spa2-GFP fusion protein. The numbers indicate the percentage (%) of
cells with the Spa2-GFP fusion protein located at shmoo tips.sites of polarized growth during mating and budding [20]. Our
results suggest that in addition to the Spa2p scaﬀolding pro-
tein, additional mechanism(s) involving Afr1p is operational
to polarize Mpk1p during mating projection formation (see
Section 4).
3.3. Overexpression of Spa2p suppresses the morphogenesis
defect of afr1D mutant
Because afr1 mutant exhibits a profound defect in establish-
ing polarized growth during mating, which is similar to the de-
fect displayed by spa2 mutant, we were interested to know
whether overexpression could suppress the morphogenesis de-
fect of afr1 mutant. We expressed SPA2 from its own pro-
moter on a multicopy plasmid in afr1D cells. Consistent with
our hypothesis, while almost all afr1D cells carrying the control
plasmid YEplac195 formed broader projections (>90%), which
is characteristic of the loss of Afr1p function, the majority of
the afr1D cells (65%) harboring the multicopy plasmid
pYEp-SPA2 exhibited acute projections (Fig. 3). Overexpres-
sion of Bni1p and Pea2p, two other components of the polar-
isom, had no rescue eﬀect on the morphogenesis defect of a-
factor treated afr1D cells (Fig. 3). We also overexpressed
AFR1 on a multicopy plasmid in spa2D mutant but no sup-
pression eﬀect was observed (data not shown). Taken together,
our observation suggested that Afr1p and Spa2p function in
the same genetic pathway to promote pheromone-induced
morphogenesis, and Afr1p acts upstream of Spa2p.
3.4. Overexpression of Spa2p cannot rescue the defect of afr1
mutant in polarizing Mpk1p localization
Because overexpression suppressed then morphogenesis de-
fect of afr1D mutant we wanted to know whether overexpres-
sion of Spa2p could suppress the Mpk1p localization defect of
afr1D cells. To this end, we cotransformed the afr1D mutant
with pYEp-SPA2 and pMPK1-GFP and the resulting yeast
strain was subjected to Mpk1p localization study. We found
no signiﬁcant diﬀerence in Mpk1p localization between afr1D
cells with or without overexpression of SPA2 in that overex-
pression of SPA2 only resulted in a slight increase (from 2%
to 5%) in the proportion of cells with properly localized
Mpk1p-GFP (data not shown). We have previously demon-
strated that Afr1p and Spa2p may function in the same genetic
pathway to promote morphogenesis and Afr1p appeared to act
Fig. 3. Overexpression of Spa2p suppresses the morphogenesis defect
of the afr1D mutant. The afr1D strain (YZCW306A) containing the
YEplac195, pYEp-SPA2, pYEp-BNI1 or pYEp-PEA2 plasmid were
treated with 107 M a-factor for 3 h and the morphology of the cells
were examined by diﬀerential interference contrast (DIC) microscopy.
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proteins with respect to their role in the control of Mpk1p
localization (see Section 4).4. Discussion
Here, we report that Afr1p plays a crucial role in localizing
the Mpk1p at the tip of mating projection. This is evidenced by
the fact that, in the absence of Afr1p, yeast cells were unable to
localize Mpk1p-GFP to polarized growth sites in response to
mating pheromone. The inability of afr1D cells to localize
Mpk1-GFP at the tip of mating projection is not due to their
defect in forming pointed projections because Fus3p-GFP
localized at the shmoo tip in both AFR1 and afr1D cells. In
addition, the cytoplasmic and nuclear localization of Mpk1p-
GFP was indistinguishable between AFR1 and afr1D cells,
indicating a speciﬁc requirement for Afr1p in localizing
Mpk1p at shmoo tip of pheromone-induced cells.
It is interesting that our results indicate that Afr1p and
Spa2p may function in the same genetic pathway that regulatespheromone-induced morphogenesis with Afr1p acts upstream
of Spa2p since overexpression of SPA2 suppressed the polari-
zation defect of afr1D cells but not the other way round. In
contrast, overexpression of SPA2 had no clear eﬀect on relo-
calizing Mpk1-GFP to the shmoo tip in afr1D cells, suggesting
that the relationship between these two proteins varies with the
cellular process they participate.
It is well accepted that, acting as a scaﬀold protein, Spa2p is
required and self-suﬃcient to target Mpk1p to sites of polar-
ized growth [20]. However, our results argue against this gen-
erally held view since Mpk1p looses its polarized localization
in afr1D cells treated with a-factor although Spa2p localizes
normally in such cells, and therefore suggest the existence of
an Afr1p-paticipated regulatory mechanism for Mpk1p polar-
ization during mating. Afr1p colocalizes with the Cdc12p sep-
tin at the neck (or base) of the mating projection, and has been
proposed to act as a barrier to prevent diﬀusion of proteins re-
quired for mating away from the tip [29–31]. It is tempting to
hypothesize that similar mechanism may apply to regulation of
Mpk1p localization to the tip of mating projection by Afr1p.
Although clariﬁcation of the mechanism by which Afr1p
polarize Mpk1p in mating cells await further investigation,
our results clearly show that, in addition to the Spa2p scaﬀold
protein, the function of Afr1p is also required for concentrat-
ing Mpk1p at the tip of mating projection.
Polarized growth and activation of the cell integrity MAP ki-
nase pathway are two intimately linked cellular processes in
that both of which are induced by mating pheromones and re-
quired for eﬃcient mating [6]. It has been proposed that Spa2p
provides a platform for Mpk1p activation at sites of polarized
growth [20]. However, an other group has shown that, in spite
of a 30 min delay, spa2D cells showed both enhanced and per-
sistent Mpk1p activity in response to a-factor treatment com-
pared with wild type cells [9], suggesting that Mpk1p
activation during mating is not linked to its polarized localiza-
tion. The second view is supported by our observation since
deletion of AFR1 delocalizes Mpk1p from the projection tip
but does not aﬀect its activation (data not shown). Therefore,
it is reasonable to speculate that, instead of recruiting Mpk1p
to sites of activation, Afr1p may act in concert with Spa2p to
concentrate Mpk1p activity to sites of the polarized growth
during mating.
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